ABSTRACT Neotyphodium coenophialum is a fungus that commonly grows endosymbiotically within cool season grasses. The fungus can provide protection against biotic stresses to its host through the production of alkaloids. We tested if combinations of two cultivars (Georgia 5 and Jesup) of tall fescue with different isolates of N. coenophialum alter resistance to the aphid, Rhopalosiphum padi, in a greenhouse experiment. Aphid populations grew faster on uninfected plants of both cultivars. In Georgia 5, all fungal isolates depressed aphid reproduction, whereas only one of three did so in Jesup.
Fungal endophytes (Ascomycota; Clavicipitaceae) are common symbionts in cool season grasses (Clay 1990 ). The fungi grow intercellularly within the shoots of their hosts and can produce an assortment of alkaloids that may help protect plants from herbivores (Clement et al. 1994 , Faeth and Bultman 2002 , Popay and Bonos 2005 . Some alkaloids, like the ergots and lolitrems, seem to primarily affect vertebrate herbivores, whereas others, such as lolines and peramine, primarily affect invertebrate herbivores (Clay and Schardl 2002) . While some endophytes can reproduce sexually, those of the genus Neotyphodium are strictly asexual, reproducing through infecting the hostÕs seed. The microbes are intriguing symbionts for ecological study because of the impact they can have on their host, its herbivores, and potentially the entire ecosystem (Rudgers et al. 2004 , Omacini et al. 2005 . Because the fungi infect forage grasses like tall fescue and perennial ryegrass, they are also economically important. In fact, toxicoses of livestock caused by fungal endophytes result in hundreds of millions of dollars lost annually in the United States alone (Ball 1997) .
Rhopalosiphum padi L. is a common aphid pest of grasses (Leather et al. 1989 , Weibull 1993 , Neil et al. 1997 and has been used extensively in research involving grass endophytes , Siegel et al. 1990 , Eichenseer et al. 1991 . The aphid reproduces parthenogenetically while infesting its secondary host, which can be one of several species of grasses. The aphid feeds on phloem sap (Leather et al. 1989) . The negative effects of Neotyphodium on R. padi performance and preference are well documented (Eichenseer et al. 1991) , and lolines seem to be the mechanism responsible (Wilkinson et al. 2000) .
Several factors can inßuence the impact endophytes have on herbivores. For example, researchers have found that insect resistance can depend on the part of the plant on which insects feed. In general, alkaloids are more concentrated near the base of the plant, and it is here that the highest levels of resistance are typically reported (Popay and Bonos 2005 ). Another factor is plant (Breen 1994 , Clement et al. 1994 and fungal (Breen 1994 , Clement et al. 2001 , Bultman et al. 2004 ) genotype in that they can alter the expression of alkaloids. In general, fungal isolate determines the types of alkaloids produced and plant/fungal genotype interaction can modify the quantities of these alkaloids (Lane et al. 2000) . Recently, plant breeders have tried to capitalize on the natural variation in alkaloid production by artiÞcially infecting various pasture cultivars with isolates of Neotyphodium taken from plants growing in their native habitat (Bouton et al. 2002) . We take advantage of that work here by testing combinations of two cultivars of tall fescue grass with different isolates of Neotyphodium coenophialum (Glenn, Bacon, Price, and Hanlin) for resistance to a common pest of grass, the bird cherry-oat aphid, R. padi.
Materials and Methods
To assess the inßuence of fungal isolate and plant genetic variation on resistance to R. padi, we used two cultivars of tall fescue (Jesup and Georgia 5) ) and three different isolates of the fungus. Plants were endophyte free (EϪ), or infected with the "wild type" (hereafter Wild) isolate of N. coenophialum, the most common isolate from pastures in Georgia or isolates isolated from native populations of tall fescue in Europe (AR542 for Georgia 5 and AR502 or AR542 for Jesup). These combinations produced seven treatment groups: Georgia-5/EϪ; Georgia-5/ Wild; Georgia-5/AR542; Jesup/EϪ; Jesup/Wild; Jesup/AR502; Jesup/AR542.
Isolates AR502 and AR542 were obtained from J. Bouton at the University of Georgia and were produced in collaboration with AgResearch Grasslands, Palmerston North, New Zealand. Fungal isolates were cultured from parent plants and introduced into the two cultivars of tall fescue plants using inoculation techniques Christensen 1985, Christensen et al. 1997) . Seeds were produced from infected host plants with subsequent disinfection through heat treatment (Nott and Latch 1993) of some plants; both EϪ (uninfected) and Eϩ (infected) seeds were all from the same maternal line. These Eϩ and EϪ seeds were used to expand seed production in Þeld plantings. From these plantings, seeds were collected for our experiment. Seeds wee stored at Ϫ5ЊC before planting. Microscopic inspection of 100 seeds of each type (stained with analine blue) showed that all infected lines were at least 90% infected, whereas EϪ seeds were 0% infected. We did not check infection status of experimental plants; however, immunoblotting ) of plants from the same seed lot showed 93.5% of the plants grown from the infected seeds were actually infected with Neotyphodium. Plants were grown in 10.2-cm-diameter pots in a greenhouse and fertilized weekly with PeterÕs liquid fertilizer (20N:20P:20K) at 300 ppm N.
Both 502 and 542 isolates do not produce detectable levels of ergot alkaloids but still produce loline and peramine alkaloids (Bouton et al. 2002) . In contrast, the wild isolate, which is the common isolate found in tall fescue in the southeastern United States, produces ergot alkaloids as well as lolines and peramine. With respect to the loline alkaloids, the Wild and AR502 isolates produce all three loline derivatives (N-formyl loline, N-acetyl loline, and N-acetyl norloline), whereas AR542 produces only N-acetyl norloline (Ball and Tapper 1999) .
To assess aphid performance, four apterous nymphs (two second and two third instar) of R. padi were placed onto each of 25 plants in one of the seven treatment groups of 8-wk-old plants. Aphids were obtained from a colony at the USDAÐARS laboratory in Pullman, WA, and were reared on barley in an environmental chamber at 21ЊC and a 14:10 (L:D) photoperiod before the experiment. Aphids were placed on the base of the most recently fully expanded leaf blade of the largest tiller and enclosed in a clip bag (5 by 2.5 cm) made of synthetic fabric (0.5-mm mesh). This protocol helped control age of the leaf blades, a factor that can inßuence performance of R. padi (Eichenseer et al. 1991) . Aphids were conÞned to clip bags for 4 d while plants were kept on a light stand (14 L:10 D) in the greenhouse where temperatures varied from 14ЊC during the night to 28ЊC during the day. After 4 d, bags were removed, and apterous aphids were counted.
Counts of apterous aphids were analyzed by a oneway analysis of variance (ANOVA; PROC GLM; SAS 1985) with infection status (EϪ, Eϩ Wild, Eϩ AR 502, EϩAR542) as the main effect. Alate aphids were not included in the analysis because these were few in number and had no qualitative impact on outcome of the analyses. Data were square root transformed before analyses to meet the assumption of normality. We used Tukey-Kramer multiple comparisons to compare aphid numbers among levels of infection status (SAS Institute 1985) .
To assess aphid preference, we placed 10 secondand third-instar nymphs (which had been starved for 2 h) between two (arranged parallel, 3 cm apart) or at the center of three (arranged in a circle) 4-cm-long cut leaf blades of tall fescue within petri dishes. Combinations of leaf blades within petri dishes were Jesup uninfected (EϪ) versus Jesup Wild; Jesup EϪ versus Jesup AR502; Jesup EϪ versus Jesup AR542; Jesup Wild versus Jesup AR502 versus Jesup AR542; Georgia-5 EϪ versus Georgia-5 Wild; Georgia-5 EϪ versus Georgia-5 AR542; Georgia-5 Wild versus Georgia-5 AR542. Each combination was replicated 25 times. Petri dishes were placed in an environmental chamber at 21ЊC for 4 h, and the number of aphids on each blade was recorded (selection was deÞned as occurrence on the bladeÑnot necessarily with the stylet extended into the blade, although because aphids had been starved for 2 h, almost all appeared to be feeding).
Aphids not on blades were excluded from the analysis. Evidence for preference was determined by a 2 goodness-of-Þt test using the sum frequencies of aphids on each blade type across all replicates with each choice combination.
Results
We found that infection status inßuenced aphid population growth in both Georgia-5 and Jesup cultivars (F 3,96 ϭ 6.7, P Ͻ 0.001; F 2,72 ϭ 12.7, P Ͻ 0.001; respectively; Fig. 1 ). In the Georgia-5 cultivar, aphid population growth was reduced by both Wild and AR542 fungal isolates compared with EϪ plants (Fig.  1A) . Aphid populations on Georgia-5 plants that were infected (with AR542 or Wild isolates) actually declined from the initial number of four colonists (to means of 2.76 and 3.73, respectively). Georgia-5 plants infected with Wild and AR542 isolates supported equivalent growth of aphid populations (Fig. 1A) . In contrast, only the Wild isolate depressed aphid numbers in the Jesup cultivar (Fig. 1B) ; aphid populations on plants infected with AR502 and AR542 isolates had greater growth compared with those on the Wild isolate (Fig. 1B) .
Aphid preferences mirrored performance, for the most part. In all comparisons involving EϪ plants, aphids preferred the uninfected plants over those infected with N. coenophialum (Figs. 2 and 3) . Aphids showed no preference among fungal isolates in both the Georgia 5 (Fig. 2) and Jesup (Fig. 3) cultivars.
Discussion
In attempts to develop endophyte/grass symbiota that retain drought and insect resistance but do not harm livestock, plant breeders have inoculated tall fescue and perennial ryegrass plants with isolates of Neotyphodium collected from plants growing in their native habitats. The goal with tall fescue has been to select isolates that produce loline and peramine alkaloids, which often deter herbivorous insects (Siegel and Bush 1996) but that fail to produce ergot alkaloids, which can cause toxicoses in livestock (Oliver 2005) . The isolates AR502 and AR542 are examples of this effort. Georgia-5 with the isolate AR542 is currently marketed as MaxQ . Rhopalosiphum padi is adversely affect by the wild isolate of N. coenophialum, and when given a choice, preferred to feed on plants lacking infection by the endophyte, as has been shown previously (Eichenseer et al. 1991) . Furthermore, aphids tended to avoid the novel endophyte isolates (AR502 and AR542) and did so in both of the grass cultivars. All novel isolates provided as much deterrence to aphids as did the wild isolate.
We also found that aphid population growth was greatest on uninfected plants. However, while the AR542 and Wild isolates in the Georgia-5 cultivar depressed aphid population growth, only the Wild isolate did so in the Jesup cultivar. This Þnding is similar to that reported by Bultman et al. (2004) , in which we found isolates AR502 and AR542 in Jesup tall fescue supported aphid population growth no lower than did EϪ plants. Thus, there is accumulating evidence that variation in fungal genotype can inßuence the level of protection provided to the plant. Furthermore, our results show that variation in plant genotype can inßuence the effect of fungal genotype; an outcome also reported by Clement et al. (1997) and Timper and Bouton (2005) . Our results and those of others suggest natural genetic variation in both plant and fungus may have important inßuences on the way insect herbivores and endophyte-infected grasses interact in nature.
Our results vary somewhat from those of Clement et al. (1996) , who found that the Russian wheat aphid (Diuraphis noxia) showed no aversion to endophyte infection (wild isolate) in tall fescue. However, they did Þnd that D. noxia populations declined on all plants containing a fungal isolate. R. padi seems more sensitive to N. coenophialum than does D. noxia.
More recently, Hunt and Newman (2005) also found that R. padi reproduction was depressed by the Wild and AR542 isolates of N. coenophialum in Georgia-5. However, in contrast to our study, they found that aphid reproduction on grass infected with AR542 was higher than that on grass infected with the wild isolate. They suggested that use of AR542 could result in an increase in cereal aphids. Our results, which show negative effects of AR542 on aphid reproduction and aphid avoidance of AR542-infected grass, suggest otherwise. Combining our results for aphid performance and preference, it seems that all fungal isolates we tested in the Georgia-5 and Jesup cultivars provide some protection from R. padi, and protection is strongest for the isolates in the Georgia-5 cultivar.
